The Agrobacterium tumefaciens genome contains a cluster of genes that are predicted to encode Fe-S cluster assembly proteins, and this cluster is known as the sufS2BCDS1XA operon. sufS2 is the first gene in the operon, and it was inactivated to determine its physiological function. The sufS2 mutant exhibited a small colony phenotype, grew slower than the wild-type strain and was more sensitive to various oxidants including peroxide, organic hydroperoxide and superoxide. The sufS2 gene was negatively regulated by iron response regulator (Irr) and rhizobial iron regulator (RirA) under low and high iron conditions, respectively, and was inducible in response to oxidative stress. The oxidant-induced expression of sufS2 was controlled by Irr, RirA and an additional but not yet identified mechanism. sufS2 was required for RirA activity in the repression of a sufS2 promoter-lacZ fusion. RirA may use Fe-S as its cofactor. sufS2 disruption may cause a defect in the Fe-S supply and could thereby affect the RirA activity. The three conserved cysteine residues (C91, C99 and C105) in RirA were predicted to coordinate with the Fe-S cluster and were shown to be essential for RirA repression of the sufS2-lacZ fusion. These results suggested that sufS2 is important for the survival of A. tumefaciens.
INTRODUCTION
Iron-sulphur (Fe-S) clusters are required for many biological processes (Johnson et al., 2005) . There are three distinct gene clusters involved in the Fe-S cluster biosynthesis of prokaryotes, namely the nif, isc and suf operons (Johnson et al., 2005) . The NIF (nitrogen fixation) system that was first identified in Azotobacter vinelandii is involved in the assembly of Fe-S clusters for nitrogenase maturation (Jacobson et al., 1989a, b) . The ISC (ironsulphur cluster formation) system was later identified in A. vinelandii and in other bacteria (Zheng et al., 1998; Takahashi & Nakamura, 1999) . The ISC system is regarded as a housekeeping Fe-S cluster biosynthesis pathway for generalized Fe-S protein maturation (Outten et al., 2004) . The third system was first identified in Escherichia coli, the SUF (sulphur utilization factor) system, which was found to be necessary for the stability of the Fe-S protein FhuF (Patzer & Hantke, 1999) . The SUF system helps to synthesize Fe-S clusters under oxidative stress (Lee et al., 2004 (Lee et al., , 2008 and iron starvation (Outten et al., 2004) conditions. The three systems typically consist of a cysteine desulphurase (NifS, IscS and SufS) and scaffold proteins (NifU, IscA, IscU and SufA) (Johnson et al., 2005; AyalaCastro et al., 2008) . Cysteine desulphurase catalyses the release of sulphur from L-cysteine to yield L-alanine, and scaffold proteins provide intermediate sites for Fe-S precursors and Fe-S cluster assembly (Roche et al., 2013) .
The regulation of Fe-S cluster biosynthesis genes in E. coli is well studied. E. coli has both ISC and SUF systems, which are known as iscRSUA and sufABCDSE, respectively. IscR represses the iscRSUA operon (Schwartz et al., 2001) . IscR repression activity in the iscR promoter-lacZ fusion is decreased in the iscS mutant strain, suggesting that the Fe-S cluster plays a role in IscR repression activity (Schwartz et al., 2001) . The induction of iscRSUA occurs in response to oxidants due to the inactivation of Fe-S in IscR (Lee et al., 2004; Yeo et al., 2006) .
The regulation of E. coli sufABCDSE is more complex than that of iscRSUA. sufABCDSE is regulated by OxyR, the integration host factor (IHF), the ferric uptake regulator (Fur) and IscR (Lee et al., 2004 (Lee et al., , 2008 Outten et al., 2004; Yeo et al., 2006) .
Agrobacterium tumefaciens is a soil bacterium that causes crown gall tumours in dicotyledonous plants. The A. tumefaciens genome contains a cluster of genes (Atu1819-Atu1825) that are predicted to encode Fe-S cluster assembly proteins, namely the sufS2BCDS1XA operon (Wood et al., 2001) . Interestingly, there are two sufS-like genes encoding cysteine desulphurases in A. tumefaciens, which are called sufS1 (Atu1821) and sufS2 (Atu1825). Two sufSlike genes are also found in the suf operon of other closely related a-proteobacteria, including Rhizobium, Brucella and Caulobacter. Cysteine desulphurase enzymes have been classified based on their sequence similarity to two groups (I and II) (Mihara & Esaki, 2002) . NifS, IscS and NFS are in Group I, which contains the consensus sequence SSGSAC(T/S)S. Group II includes SufS, CsdA and CpNifS, which share the consensus sequence RXGHHCA. The A. tumefaciens SufS1 belongs to Group II and has 47 % shared identity with E. coli SufS. SufS2 (Group I) is more similar to E. coli IscS (30 % shared identity) than to SufS1 (20 % shared identity). Crystal structure and kinetic analyses using purified proteins revealed that the differences between cysteine desulphurase Group I and Group II are in the structure of the cysteine active site loop (CuppVickery et al., 2003; Tirupati et al., 2004) and the ratelimiting step in the catalytic reaction (Behshad et al., 2004; Tirupati et al., 2004) .
It has been reported that the A. tumefaciens suf operon is regulated by the iron response regulator (Irr) and the rhizobial iron regulator (RirA) under low iron and high iron conditions, respectively (Hibbing & Fuqua, 2011) . Moreover, ironresponsive regulation of the suf operon by an additional unknown mechanism was observed (Hibbing & Fuqua, 2011) .
Plants induce reactive oxygen species (ROS) generation during important initial host defences against bacterial invasion (Wojtaszek, 1997) . The Fe-S clusters are sensitive to oxidation by ROS, leading to the inactivation of many Fe-S-containing proteins and the disruption of many biological processes. Therefore, Fe-S cluster synthesis and repair are needed when cells face threats from oxidative stress. In E. coli, the housekeeping system for the Fe-S synthesis Isc is inactivated by oxidants, while the Suf system is inducible and responsible for Fe-S assembly under oxidative stress conditions (Jang & Imlay, 2010) . However, the oxidative stress regulation of the A. tumefaciens suf operon and that in other close relatives of a-proteobacteria have not been investigated.
Here, the A. tumefaciens sufS2, which is the first gene in the suf operon, was disrupted to assess the sufS2 gene's physiological role. The regulation of sufS2 in response to oxidants was investigated. The sufS2 requirement for the RirA repressor function was also revealed.
METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids are listed in Table 1 . A. tumefaciens and E. coli were grown aerobically at 28 uC and 37 uC, respectively, in Luria-Bertani (LB) medium or on LB plates containing 1.5 % agar (LA). If required, for A. tumefaciens, the medium was supplemented with 100 mg carbenicillin (Cb) ml 21 , 60 mg gentamicin (Gm) ml 21 , 30 mg kanamycin (Km) ml 21 and 5 mg tetracycline (Tc) ml
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. For E. coli, the medium was supplemented with 100 mg ampicillin (Ap) ml
, 30 mg Gm ml 21 , 30 mg Km ml 21 and 15 mg Tc ml 21 . The bacteria were grown overnight in LB medium and were subcultured into fresh LB medium to an OD 600 of 0.1. The cells were incubated for another 4 h until reaching an OD 600 of 0.5 and were then considered to be in the exponential growth phase.
Molecular techniques. DNA manipulation and general molecular techniques were performed using standard methods as described by Sambrook et al. (1989) . The primers are listed in Table S1 (available in Microbiology Online). PCR was performed using an Eppendorf thermal cycler. Enzymes for DNA cloning were purchased from Fermentas and Thermo Scientific. The cloned DNA region was confirmed by automated DNA sequencing (Macrogen). Electroporation was used to transfer the plasmids into A. tumefaciens strains (Cangelosi et al., 1991) .
Chromosomal inactivation of the sufS2 gene (PNS123). The A. tumefaciens sufS2 gene (Atu1825) was disrupted by a single homologous recombination method. The internal coding region of the sufS2 gene was amplified by PCR from genomic wild-type NTL4 with primers BT3699 and BT3700 using Pfu DNA polymerase. The PCR product was cloned into the unique SmaI site of the pKNOCKGm suicide plasmid (Alexeyev, 1999) , generating pKNOCKSUFS2. The pKNOCKSUFS2 plasmid was electroporated into wild-type NTL4. Recombinant colonies were selected on LA plates containing 60 mg Gm ml 21 . The sufS2 mutant strain (PNS123) was confirmed by Southern blot analysis.
Functional sufS2 gene cloning into an expression vector for complementation. The full-length A. tumefaciens sufS2 gene was amplified from genomic wild-type NTL4 by PCR with primers BT3782 and BT3783 using Pfu DNA polymerase. The PCR product was cloned into expression vector pBBR1MCS-4 (Kovach et al., 1995) , which was digested with SmaI, creating the recombinant plasmid pSUFS2.
Reverse transcriptase PCR (RT-PCR) analysis. Total RNA was extracted using the modified hot phenol method as previously described (Ngok-Ngam et al., 2009) . RNA samples were treated with DNase I and reverse transcribed with random hexamer primers. The cDNA was used as a template in the PCRs using a Taq PCR master mix kit (Qiagen) with forward primers (F1, F2, F3, F4, F5 and F6) and reverse primers (R1, R2, R3, R4, R5 and R6). PCR products were visualized through gel electrophoresis on a 2 % agarose gel and ethidium bromide staining.
Cell growth measurement. Bacterial growth was determined in broth (LB) and on solid (LA) media. Bacteria grown overnight in LB medium were subcultured into fresh LB medium to obtain an OD 600 of 0.01. Growth was monitored by measuring the OD 600 after incubation at 28 uC and shaking for 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 28 and 32 h. Each strain was tested in triplicate. The experiment was repeated twice.
To monitor bacterial growth on solid medium, the exponential growth phase cells were adjusted, diluted and spotted onto an LA plate. The plate was incubated aerobically at 28 uC for 48 h.
Sensitivity to oxidants. Exponential growth phase cells were adjusted, diluted and spotted onto LA containing 350 mM H 2 O 2 , 375 mM tert-butyl hydroperoxide (tBOOH), 275 mM cumene hydroperoxide (CuOOH), 100 mM plumbagin (PB) or 750 mM menadione (MD). The plates were incubated at 28 uC for 48 h. Each strain was tested in duplicate, and the experiment was repeated a minimum of two times to ensure reproducibility (Ngok-Ngam et al., 2009) .
Quantitative real-time PCR (qRT-PCR) analysis. Exponential growth phase cells grown in LB medium were either treated (500 mM H 2 O 2 , 500 mM tBOOH or 250 mM PB) or not treated for 15 min prior to harvest. Total RNA was extracted using the modified hot phenol method. The RNA samples were treated with DNase I and reverse transcribed with random hexamer primers. Template cDNA (0.67 ng) and 500 nM genespecific primers (see Table S1 ) were used in 20 ml of Kapa Sybr Fast Master Mix ABI Prism (Kapabiosystems).
The reaction mixtures were incubated for 3 min at 95 uC followed by 40 cycles of denaturation at 95 uC for 3 s, annealing at 55 uC (Atu3675 and sufS2), 57 uC (fssA, hmuR and hmuT), 58 uC (sodBII and 16S rRNA), 59 uC (Atu3673, fhuA and shmR), or 61 uC (fbpA) for 30 s and extension at 72 uC for 30 s. Data were obtained with a
Step One Plus Real-Time PCR System (AB Applied Biosystems). The amount of specific mRNA target was normalized to the amount of the 16S rRNA housekeeping gene (endogenous reference) for each respective condition. The relative gene expression was determined using the 2 2DDCt method (Livak & Schmittgen, 2001 ). The fold changes in gene expression are relative to the untreated control as has been previously described (Livak & Schmittgen, 2001) . The data are reported as means of triplicate samples±standard deviation (SD).
Construction of A. tumefaciens double mutant strains (SI1212, SR1205 and RI1218). The A. tumefaciens irr gene (Atu0153) was disrupted by a single homologous recombination method using the protocol described above. Primers BT696 (59GCCAGCGCGTTG-CTTTGGGT39) and BT697 (59AAGAAGTGATGGTGATCCGA39) were used to amplify the internal coding region of the irr gene. The PCR product was cloned into pKNOCK-Km, generating plasmid pKNOCKIRR, which was then electroporated into the mutant PNS123 strain. The sufS2 and irr double mutant strain (SI1212) was selected on LA containing 60 mg Gm ml 21 and 30 mg Km ml
.
The SR1205 strain with disrupted sufS2 and rirA (Atu0201) was generated by transferring pKNOCKRIRA (Ngok-Ngam et al., 2009) into the mutant PNS123 strain. The SR1205 mutant was selected on LA containing 60 mg Gm ml 21 and 30 mg Km ml
. The RI1218 strain (disruption of both irr and rirA genes) was constructed by transferring pKNOCKRIRA into the mutant WK074 strain . The RI1218 mutant was selected on LA containing 60 mg Gm ml 21 and 30 mg Km ml 21 .
Construction of the sufS2 promoter-lacZ fusion. DNA fragments (225 bp) containing the sufS2 promoter region were amplified from A. tumefaciens NTL4 genomic DNA using PCR with primers BT1607 and BT1698. The PCR products were cloned into a unique HindIII site (and end-gap filled with Klenow enzyme) of the promoter probe vector pUFR027lacZ, a derivative of pUFR027 (DeFeyter et al., 1990) , to generate the plasmid pSUFS2-lacZ.
b-Galactosidase activity assay. Exponential growth phase cells were washed and resuspended in minimal AB medium (Cangelosi et al., 1991) to obtain an OD 600 of 0.1. Cells were either treated (50 mM FeCl 3 ) or not treated for 18 h and then harvested. Crude bacterial cell lysates were prepared as previously described (Kitphati et al., 2007) . Protein concentrations were determined using a Bradford Bio-Rad protein assay. b-Galactosidase (b-gal) activity was measured as described by Miller (1972) . Specific activity was calculated in units per milligram of protein (U mg protein 21 ). The results are the means of triplicate samples±SD.
Aconitase activity assay. Overnight cell cultures grown in LB medium were harvested. Crude bacterial cell lysates were prepared as previously described (Kitphati et al., 2007 ). An aconitase assay kit (Abcam) was used to determine aconitase activity following the manufacturer's instructions. One unit of aconitase activity is the amount of enzyme that converts 1 mmol of citrate to isocitrate min Site-directed mutagenesis. Site-directed mutagenesis was performed on the rirA coding sequence using pRIRA as the template and a QuikChange XL mutagenic PCR kit (Stratagene) following the manufacturer's instructions. Cysteines of RirA protein at residues 17, 91, 99 and 105 were individually mutated to alanine. The resulting plasmids were pRIRA17, pRIRA91, pRIRA99 and pRIR105, respectively (Table 1) . The primers for site-directed mutagenesis are listed in Table S1 . The mutations were confirmed by DNA sequencing.
RESULTS
The A. tumefaciens sufS2 mutant strain exhibits a small colony phenotype RT-PCR analysis using RNA extracted from wild-type NTL4 showed that A. tumefaciens sufS2BCDS1XA genes are co-transcribed (Fig. 1) . The A. tumefaciens sufS2 gene (Atu1825) encoding cysteine desulphurase was inactivated to evaluate its importance for bacterial survival. The sufS2 mutant strain (PNS123) was generated using an insertional inactivation method, which did not inhibit transcription of other downstream genes in the sufS2BCDS1XA operon (Fig. 1) . The sufS2 mutant strain harbouring plasmid vector pBBR1MCS-4 (PNS123/pBBR) had slower growth in LB broth than wild-type harbouring the plasmid vector (NTL4/pBBR) (Fig. 2a) . In addition, PNS123 exhibited a small colony phenotype on solid LA medium (Fig. 2b) . The growth defect phenotype of PNS123 could be reversed when a functional sufS2 gene was provided in trans on the plasmid pSUFS2 (PNS123/pSUFS2) (Fig. 2a, b) . The results confirmed that the growth phenotype of PNS123 resulted from the sufS2 gene inactivation.
The sufS2 mutant is more sensitive to oxidants than the wild-type strain A. tumefaciens encounters ROS generated by plant defence responses during infection (Wojtaszek, 1997) . Hence, the role of sufS2 in the survival of A. tumefaciens under oxidative stress conditions was investigated. A strain carrying a sufS2 mutation (PNS123/pBBR) had an approximately 10 2 -fold reduction in the resistance levels to 350 mM H 2 O 2 , 375 mM tert-butyl hydroperoxide (tBOOH), 275 mM cumene hydroperoxide (CuOOH), 100 mM plumbagin (PB) and 750 mM menadione (MD) in comparison to the wild-type (NTL4/ pBBR) (Fig. 2b) . The oxidant-sensitive phenotype of the mutant could be reversed by complementing it with pSUFS2 (PNS123/pSUFS2) (Fig. 2b) . These results demonstrated that sufS2 is important for A. tumefaciens to cope with various oxidative stress conditions, including peroxide (H 2 O 2 ), organic hydroperoxide (tBOOH and CuOOH) and superoxide (PB and MD) stresses.
Next, catalase and superoxide dismutase (SOD) activity assays were performed to test whether the oxidanthypersensitive phenotype of the sufS2 mutant resulted from a reduction in enzymes involved in peroxide and superoxide detoxification. The wild-type and sufS2 mutant had similar catalase and SOD activities (data not shown), indicating that the sufS2 mutant hypersensitivity phenotype to H 2 O 2 and superoxide was not related to the reduction of catalase and SOD.
Regulation of the suf operon under oxidative stress
Because sufS2 was shown to be required for oxidant resistance (Fig. 2b) , the ability of oxidants to induce sufS2 expression was investigated using qRT-PCR (Fig. 3) . The results showed that in wild-type NTL4, sufS2 could be induced by exposure to 500 mM H 2 O 2 (fivefold), 500 mM tBOOH (fivefold) and 250 mM PB (threefold) (Figs 3a, b and c, respectively). This finding supported the view that sufS2 is involved in the A. tumefaciens defence response against oxidative stress. The A. tumefaciens transcriptional regulators oxyR (Nakjarung et al., 2003) , ohrR (Chuchue et al., 2006) and soxR (Eiamphungporn et al., 2006) have been shown to control genes responding to peroxide, organic hydroperoxide and superoxide stresses, respectively. To identify the oxidant-responsive regulator that controls sufS2 expression, strains PN03,TC06, PW01, WK074, PN094 and RI1218 carrying mutations in oxyR, ohrR, soxR, irr, rirA and irr,rirA respectively were tested (Fig. 3) . The inactivation of oxyR, ohrR and soxR did not significantly affect either the basal level (uninduced) or induction of sufS2 expression (induced) in response to H 2 O 2 , tBOOH and PB, respectively (Fig. 3a, b and c, respectively). Thus, oxyR, ohrR and soxR are unlikely to be sufS2 expression regulators. In contrast, increased sufS2 expression was found in uninduced cells WK074 (irr mutation, fivefold), PN094 (rirA mutation, sevenfold) and RI1218 (irr and rirA mutations, ninefold) relative to the uninduced wild-type NTL4 (Fig. 3) , which was consistent with the notion that Irr and RirA are sufS2 gene repressors (Hibbing & Fuqua, 2011) .
The sufS2 gene is required for RirA activity
RirA belongs to the Rrf2 family of Fe-S cluster-containing regulators, the members of which include IscR (Giel et al., 2013) and NsrR (nitrite-sensitive repressor) (Beaumont, et al., 2004) . It seems likely that RirA is also an Fe-S protein . We wanted to test whether sufS2 inactivation would affect RirA activity. Double mutation strains SI1212 (sufS2 and irr mutations) and SR1205 (sufS2 and rirA mutations) were constructed. sufS2 expression was measured using a sufS2 promoter-lacZ fusion (pSUFS2-lacZ), and b-gal activities were obtained from wild-type, compared to those of mutants and those from the complemented strains (Fig. 4) .
As expected, a derepression of sufS2-lacZ was observed in the irr mutant (WK074/pBBR) under low iron and in the rirA mutant (PN094/pBBR) under high iron conditions (Fig. 4) , which is consistent with the notion that Irr and RirA are sufS2 repressors under low iron and high iron conditions, respectively (Hibbing & Fuqua, 2011; Todd et al., 2006) . The derepression of sufS2-lacZ in the irr and rirA mutant strains (WK074/pBBR and PN094/pBBR) was fully reversed in the complemented strains WK074/pIRR and PN094/pRIRA (Fig. 4) .
b-gal activities obtained from the sufS2 mutant (PNS123/ pBBR) were slightly higher than those from wild-type (NTL4/pBBR) (Fig. 4) . A mutation of irr in combination with sufS2 (SI1212/pBBR) caused sufS2-lacZ derepression under low iron conditions but not under high iron conditions, and the derepression of sufS2-lacZ could be fully reversed by expressing plasmid pIRR (SI1212/pIRR) (Fig. 4) .
In contrast, the mutation of rirA together with sufS2 (SR1205/pBBR) caused sufS2-lacZ derepression under high iron and moderately increased sufS2-lacZ expression under low iron (Fig. 4) . The SR1205/pBBR and complemented strain SR1205/pRIRA showed similar b-gal activity levels (Fig. 4) . These results demonstrated that RirA could not repress sufS-lacZ when a gene encoding cysteine desulphurase was defective, and this finding resembles the observation that cysteine desulphurase influences the repression activity of IscR (Schwartz et al., 2001 ). Effect of sufS2 mutation on expression of other genes in the RirA regulon
We then tested whether mutation of sufS2 affects expression of other genes in the RirA regulon (Fig. 5) . The results of the qRT-PCR analysis showed that expression of fbpA (Atu0407), fhuA (Atu0409), shmR (Atu2287), hmuT (Atu2460), hmuR (Atu3385), Atu3673 and Atu3675 in wild-type and the sufS2 mutant was not significantly different, whereas expression levels of sufS2 and fssA (Atu0351) in the sufS2 mutant were increased 4-fold and 2.5-fold, respectively, compared to wild-type, and were 50 % and 39 % respectively compared to the derepression levels in the rirA mutant (100 %) (Fig. 5) . These results demonstrated that SufS2 has an effect on RirA activity in regulating a gene in Fe-S synthesis (sufS2) and a gene encoding an Fe-S scaffold protein (fssA, a homologue of nifU) but does not affect expression of genes involved in iron acquisition (fbpA, fhuA, shmR, hmuT and hmuR) and siderophore biosynthesis (Atu3673 and Atu3675). qRT-PCR analysis of sufS2 induction in response to oxidants. Strains PN03, TC06, PW01, WK074, PN094 and RI1218 carry mutations in oxyR, ohrR, soxR, irr, rirA and irr,rirA respectively. Cells were grown in LB (uninduced) and exposed to (induced) 500 mM H 2 O 2 , 500 mM tert-butyl hydroperoxide (tBOOH) or 250 mM plumbagin (PB) for 15 min. The fold changes in gene expression are relative to an uninduced sample from wildtype NTL4 (regarded as one) and represent the means of triplicate samples±SD. ]. The data are the means of triplicate samples±SD. For comparison between NTL4/ pBBR and PNS123/pBBR, bars marked with * and ** are significantly different (P,0.05 in an unpaired Student's t-test).
The sufS2 mutant had decreased activity of an Fe-S-dependent aconitase Because sufS2 mutation leads to a defect in Fe-S synthesis in A. tumefaciens, it was speculated that several metabolic processes requiring Fe-S would be disrupted in the sufS2 mutant strain. Aconitase is an Fe-S-dependent protein containing an active 4Fe-4S cluster that catalyses the isomerization of citrate to isocitrate in the tricarboxylic acid cycle. The reduction of aconitase activity was observed in cells with an existing defect in their Fe-S synthesis (Schwartz et al., 2000; Skovran & Downs, 2000) . To test whether the loss of sufS2 would also affect aconitase activity, the enzyme activity was determined. Aconitase activities in the strain containing sufS2 mutation [PNS123, 7.1±0.1 U (mg protein)
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] and in the strain containing sufS2 and rirA mutations [SR1205, 4.1±0.1 U (mg protein)
] were found to have lower activities than wild-type [NTL4, 9.1±0.1 U (mg protein)

}.
The sufS2 mutation has an effect on the activation of a SoxR-target gene, sodBII SoxR is a superoxide-sensing transcriptional regulator that contains an Fe-S cluster in the form of 2Fe-2S (Crack et al., 2012) . The A. tumefaciens SoxR has been shown to be the activator of sodBII in response to superoxide (Saenkham et al., 2007) . To test whether the loss of sufS2 would also affect the activity of SoxR in the activation of sodBII, qRT-PCR analysis of sodBII expression was performed using samples from cells grown in LB medium treated with 250 mM PB for 15 min. It was found that the induction of sodBII in response to PB was lost in the soxR mutant strain, which was consistent with the fact that SoxR is the activator of sodBII (Saenkham et al., 2007) . The PBinduced sodBII expression in the sufS2 mutant was reduced to approximately 50 % compared to that of wild-type. These results suggested that a sufS2 mutation affects SoxR activity in the regulation of sodBII expression. PNS123  NTL4  NTL4  NTL4  PN094  PNS123  PN094  PNS123  PN094   PNS123  NTL4  NTL4  NTL4  PN094  PNS123  PN094 PNS123 PN094 PNS123 PN094 PNS123 PN094 PNS123 PN094 Fig. 5 . qRT-PCR analysis of genes in the RirA regulon. RNA samples were isolated from wild-type NTL4, PN094 (rirA mutation) and PNS123 (sufS2 mutation) grown in LB medium. The relative expression levels of sufS2, fssA, fbpA, fhuA, hmuT, hmuR, Atu3673, Atu3675 and shmR are presented as a percentage and are relative to those from PN094 (100 %). The data are the means of triplicate samples±SD.
The conserved cysteine residues (C91, C99 and C105) are essential for RirA function in sufS2 promoter repression RirA could not function when sufS2 was inactivated (SR1205/ pRIRA, Fig. 4) , suggesting that the Fe-S cluster may be required for RirA-dependent sufS2 repression. On the basis of their similarity to other Rrf2 family members, the three conserved cysteine residues C91, C99 and C105 from the A. tumefaciens RirA (RirA At ) are likely to be involved in Fe-S cluster binding. In fact, RirA At contains four cysteine residues, including C17 and the three conserved residues. Site-directed mutagenesis at the C17, C91, C99 and C105 residues was performed to evaluate their roles in RirA At activity (Fig. 6) . A sufS2-lacZ fusion was used to assess the repressor activity of wild-type RirA (pRIRA) in comparison to mutant RirA containing alanine substitutions at residues C17, C91, C99 and C105 (pRIRA17, pRIRA91, pRIRA99 and pRIRA105, respectively). b-gal activities were determined from wild-type NTL4 and the rirA mutant PN094 expressing vector pBBR, wild-type RirA and mutant RirA proteins, and cultures were grown in AB medium supplemented with 50 mM FeCl 3 (Fig. 6) . The raw b-gal activities were normalized to those from the PN094 harbouring pBBR vector (100 % b-gal activity, no repression of sufS2-lacZ). The wild-type (NTL4/pBBR, 9.5 % b-gal activity) and rirA mutant strain complemented with wild-type RirA (PN094/pRIRA, 11.3 % b-gal activity) showed similar levels of b-gal activity. A C17A RirA At caused a partial loss in the regulator's ability to fully repress sufS2-lacZ as indicated by the increased b-gal activity (PN094/pRIRA17, 57 % b-gal activity), and mutations at C91A, C99A and C105A led to the complete loss of RirA At repressor activity (PN094/pRIRA91, PN094/ pRIRA99 and PN094/pRIRA105, b-gal activities of 107 %, 103 % and 103 %, respectively) (Fig. 6) . These results indicated that C91, C99 and C105 are essential for RirA At to mediate sufS2 repression and that C17 plays a minor role.
DISCUSSION
A disruption of the gene encoding cysteine desulphurase leads to a defect in Fe-S biosynthesis and a growth defect in many bacteria (Sun & Setlow, 1993; Lauhon & Kambampati, 2000; Schwartz et al., 2000; Skovran & Downs, 2000) . The mutant growth defects could be reversed with thiamine, nicotinic acid, isoleucine and valine supplementation because the Fe-S is involved in the biosynthesis of these nutrients. The A. tumefaciens sufS2 mutant strain PNS123 exhibits a growth defect and small colony phenotype (Fig. 2) . Supplementation with nutrients such as thiamine, nicotinic acid, isoleucine and valine either individually or in combination did not improve PNS123 growth (data not shown). It is possible that A. tumefaciens sufS2 might be involved directly or indirectly in other metabolic pathways. The growth defect phenotype of PNS123 could be reversed when a functional sufS2 gene was provided in trans on the plasmid pSUFS2 (Fig. 2a, b) . Whereas, providing a multicopy sufS1 gene in trans could not restore the growth defect phenotype of PNS123 (data not shown), suggesting that sufS1-encoded cysteine desulphurase (Group II) cannot perform specific functions that are normally carried out by sufS2-encoded cysteine desulphurase (Group I). The SufS1 function awaits further study.
The sufS2 gene appeared to be essential for function of RirA in the repression of sufS2-lacZ (Fig. 4) . At present, although there is no direct evidence showing that the RirA At protein contains Fe-S clusters, our findings (Fig. 4) suggest that Fe-S clusters may be involved in the RirA At mechanism to negatively regulate the Fe-S synthesis suf operon. RirA At may use Fe-S as a cofactor for its repression activity, and the disruption of the Fe-S supply in the sufS2 mutant may have therefore led to the inability of RirA At to repress sufS2-lacZ (SR1205/pRIRA, Fig. 4 ).
The notion that the sufS2 mutant may have a defect in its Fe-S cofactor supply is further supported by evidence that the sufS2 mutant had an activity reduction in the Fe-Sdependent enzyme aconitase, and the reduction in PBinduced sodBII expression via the Fe-S transcription regulator protein SoxR was observed. However, the activity of aconitase and the activation of sodBII were not completely lost in the sufS2 mutant, suggesting the existence of an Fe-S synthesis pathway that is independent of sufS2. In contrast, RirA At seemed to require Fe-S from the sufS2-dependent Fe-S synthesis pathway as shown by the complete loss of its ability to repress sufS2-lacZ in SR1205/pRIRA (Fig. 4) .
The sufS2 mutation has an effect on RirA At activity in regulating genes involved in Fe-S synthesis but does not affect expression of genes involved in iron acquisition (Fig.  5) . The results implied the possibility that RirA At may use different forms of iron (Fe-S for sufS2 and fssA, or Fe 2+ for fbpA, fhuA, shmR, hmuT, hmuR, Atu3673 and Atu3675) as its cofactor in regulating different target genes. Inactivation of sufS2 could lead to a defect in Fe-S synthesis, which in turn could have an effect on expression of sufS2 and fssA that may be mediated by Fe-S and RirA At complex.
RirA At contains four cysteine residues, including C17, C91, C99 and C105. C17 is located near the predicted helixturn-helix DNA-binding domain (Beaumont et al., 2004) ; therefore, a mutation at C17 could lead to a defect in the repressor function of RirA At (Fig. 6 ). The C91, C99 and C105 residues are conserved residues predicted to form the Fe-S cluster binding site that may be used as a cofactor for RirA At activity in the repression of sufS2-lacZ, so mutations at these residues could lead to the complete loss of RirA At repressor activity (Fig. 6) . It is also possible that mutations at the conserved cysteine residues affect the folding of the RirA At protein, thus leading to the loss of RirA At activity.
Irr and RirA are regulators of the suf operon (Hibbing & Fuqua, 2011; Todd et al., 2006) . The Fe-S containing the RirA form may be used as a reporter for sensing cellular Fe-S status and controlling synthesis via the suf operon in response to changing demands for Fe-S clusters. A similar mechanism has been found in IscR (Giel et al., 2013) , a transcriptional regulator in the same Rrf2 family. Irr is not assumed to be an Fe-S protein , so it is not expected to be directly influenced by SufS2 activity. The repressor activity of Irr on sufS2-lacZ was not affected by the sufS2 mutation (SI1212/pIRR, Fig. 4 ).
ROS are used as an important plant defence response to pathogenic infection (Wojtaszek, 1997) . The sufS2 mutation caused A. tumefaciens to become hypersensitive to various types of oxidants (Fig. 2b) , demonstrating that sufS2-mediated oxidative resistance plays an important role in the survival of A. tumefaciens. ROS are known to damage or destroy Fe-S clusters, and so the induction of Fe-S synthesis is needed, as shown by the increased suf expression when cells were exposed to oxidants (Fig. 3) . Irr and RirA are involved in iron regulation (Hibbing & Fuqua, 2011; Todd et al., 2006) and also in the induction of the suf operon by oxidative stress (Fig. 3) . The Fe-S cluster is a target of oxidative damage, and RirA may use its Fe-S cluster for sensing oxidative stress. The oxidation of Bradyrhizobium japonicum Irr leads to the degradation of Irr in a haem-dependent mechanism (Yang et al., 2006) ; however, the protein stability of A. tumefaciens Irr in sensing iron and oxidative stress has not been reported.
The iron regulation mechanism (Hibbing & Fuqua, 2011) and the oxidant-induced expression (Fig. 3) of suf seem to be complex and appear to not be solely controlled by Irr and RirA. The precise mechanisms for iron and oxidative sensing by A. tumefaciens Irr and RirA and the identification of other mechanisms or regulators involved in controlling suf expression are interesting topics for future study. In conclusion, the sufS2-encoding cysteine desulphurase is important for the survival of A. tumefaciens and essential for the repressor function of RirA.
